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We study the Ac decay process to tt^ and the meson-baryon final state for the analysis of A 
resonances. Considering the Cabibbo-Kobayashi-Maskawa matrix, color suppression, diquark cor¬ 
relation, and the kinematical condition, we show that the final meson-baryon state should be in 
a pure 7 = 0 combination, when the meson-baryon invariant mass is small. Because the I — 1 
contamination usually makes it difficult to analyze A resonances directly from experiments, the Ac 
decay is an ideal process to study A resonances. Calculating the final-state interaction by chiral 
unitary approaches, we find that the ttE invariant mass distributions have the same peak structure 
in the all charge combination of the ttE states related to the higher pole of the two poles of the 
A(1405). Furthermore, we obtain a clear A(1670) peak structure in the KN and pA spectra. 

PACS numbers: 13.75.Jz,14.20.-c,11.30.Rd 


I. INTRODUCTION 

The study of the A(1405) resonance has been a hot 
topic in hadron physics, ever since it was predicted and 
observed more than 50 yr ago mm- There have been 
plenty of discussions to understand its mass, width, and 
the internal structure. 

From a modern perspective, the A(1405) is studied by 
the theoretical framework which combines the coupled- 
channel unitarity with chiral perturbation theory ms]. 
A remarkable finding in this approach is the appearance 
of two poles in the complex energy plane near the A(1405) 
resonance [siEiiin]- This picture is confirmed by the sys¬ 
tematic studies [nHH using the next-to-leading-order 
chiral interactions with the new experimental constraint 
by the SIDDHARTA Collaboration [151 [IS] ^ as well as by 
the comprehensive analysis of the ttE spectra in photo¬ 
production [niiiH]. The origin of two poles is attributed 
to the two attractive components in the leading-order 
chiral interaction (Weinberg-Tomozawa term), the sin¬ 
glet and octet channels in the SU(3) basis |9], or the 
KN and ttE channels in the isospin basis uni. It is 
worth mentioning that there is another attraction in the 
strangeness S = —1 and the isospin 7 = 0 sector, the 
SU(3) octet, or the KE channel. In fact, the A(1670) 
resonance can also be generated in the same approach 
with a large coupling to the KE channel [T9| . The inter¬ 
nal structure of the A(1405) also draws much attention. 
The dominance of the KN molecular component in the 
A(1405) has been shown from various aspects [2QH26] . A 
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recent lattice QCD study also supports the KN molecu¬ 
lar structure of the A(1405) [27] . 

Because the resonance peak lies below the KN thresh¬ 
old, the A(1405) decays exclusively into the ttE channel. 
Recently, detailed experimental studies of the A(1405) in 
the ttE spectra have been performed in the low-energy 
production reactions, such as the photoproduction by 
the LEPS Collaboration [28] and by the CLAS Collab¬ 
oration [29H3T], and the proton-induced reaction by the 
HADES Collaboration [32]. In these studies, because the 
signal of the A(1405) overlaps with the E(1385) reso¬ 
nance, careful event selection is needed to eliminate the 
E(1385) contribution. In addition, the isospin interfer¬ 
ence effect causes the difference of the 7r+E“ and 7r“E+ 
spectra [33], which is, in fact, confirmed in the experi¬ 
mental data. This means that the charged ttE spectrum, 
whose detection is, in general, easier than the neutral 
one, is not in pure 7 = 0. Eor the understanding of the 
property of the A(1405), a detailed analysis is required to 
extract the neutral channel, as done by the CLAS 

Collaboration. 

Meanwhile, it has been shown in recent studies that the 
selection of the particular modes is possible in the non- 
leptonic weak decays of heavy hadrons [34H44] . Among 
others, of particular importance is the study of the A^ ^ 
J/'0A(14O5) decay, where the A(1405) is generated in the 
final-state interaction of the meson-baryon pair [441145] . 
It is found that the weak decay process near the A(1405) 
production is dominated by the 7 = 0 meson-baryon pair. 
The A^ ^ J/'0A(14O5) process therefore provides a clear 
meson-baryon final-state interaction with almost no con¬ 
tamination from the E(1385) and the 7 = 1 amplitude. 
This is different from the low-energy production experi¬ 
ments. Very recently, the A^ ^ J/'if!K~p decay has been 
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experimentally studied by the LHCb Collaboration [46] 
(see also Ref. m) where the significant contribution from 
the A* resonances is observed in the K~p spectrum. 

In this paper, we propose to analyze the weak decay of 
the charmed baryon into where MB stands 

for KN^ ttS, or r]A. This process has been discussed to 
extract the ttS scattering length from the cusp effect [48| . 
As we show below, the Ac weak decay is also dominated 
by the I = 0 MB pair in the final state. In general, the 
production rate of Ac should be much larger than that of 
A^. In fact, the branching fractions of the Ac ^ 'k^MB 
modes is experimentally well studied [49|. Furthermore, 
the decay of Ac is more favored than the A^ decay, as 
explained later. It is also remarkable that the Belle Col¬ 
laboration recently determined the absolute value of the 
branching fraction of the Ac ^ 7T^K~p mode [50]. More¬ 
over, the K~p spectrum in the 7T^K~p decay has already 
been measured experimentally m- These facts indicate 
that the Ac ^ n^MB process is an ideal channel by 
which to study the A(1405). The dominance of the / = 0 
contribution is also advantageous for the study of the 
A(1670) to suppress the unwanted S* contributions. 

This paper is organized as follows. In Sec. [n| we 
present the theoretical formulation of the decay process 
Ac ^ MB. The formula for the invariant mass distri¬ 
bution will be given. The numerical results of the spectra 
are shown in Sec. [IIIl focusing on the A(1405) and the 


A(1670) separately. A discussion on the decay branching 
fractions of Ac is also presented. A summary of this work 
is given in the last section. 


II. FORMULATION 

We consider the decay process A+ ^ tt+A* ^ 7r+M5, 
where MB stands for the final meson-baryon states such 
as ttS and KN. We show that, when the MB invariant 
mass is restricted in the A(1405) region, the dominant 
contribution of this decay process is given by the dia¬ 
gram shown in Fig. First, the charm quark in A+ 
turns into the strange quark with the 7r+ emission by the 
weak decay. Second, the qq creation occurs to form M 
(B) from the 5 quark {ud diquark). Finally, considering 
the final-state interactions of the hadrons, we obtain the 
invariant mass distribution for the A+ ^ MB process. 
In the following, we discuss these three steps separately. 


A. Weak decay 

We first discuss the decay of Ac to produce 7r+ and the 
sud cluster in the final state. The Cabibbo favored weak 
processes are given by 

+ + J :c decay, (1) 

c d ^ s u : cd scattering. (2) 

The diagram shown in Fig. [^is obtained by the c decay 
process. Another contribution with the c decay is to form 



Final state 
interaction 


FIG. 1. The dominant diagram for the Aj ^ MB decay. 
The solid lines and the wiggly line show the quarks and the 
W boson, respectively. 



(a) (b) (c) 


FIG. 2. The weak decay part of diagrams for the Aj ^ 
7T^ MB decay except for Fig.[^ The solid lines and the wiggly 
line show the quarks and the W boson, respectively. 


7r+ using the u quark in Ac [Fig. [^a)]. In this process, 
however, the color of the ud pair from the W~^ decay is 
constrained to form the color singlet tt^. This process 
is therefore suppressed by the color factor in compari¬ 
son with Fig. In addition, because the ud diquark in 
Ac is the most attractive “good” diquark [52], the pro¬ 
cess to destruct the strong diquark correlation [Fig.j^a)] 
is not favored. The contribution from the cd scatter¬ 
ing [Eq. (§] [Figs. §b) and l^c)] is suppressed by the 
additional creation of a qq pair not attached to the W 
boson as well as the 1/Nc suppression, compared with 
Fig. Diagrams ib) and [^c) are called “absorption 
diagrams” in the classification of Ref. [34] , and they are 
two-body processes, involving two quarks of the original 
Ac, which are suppressed compared to the one-body pro¬ 
cess (Fig. involving only the c quark, the u^ d quarks 
acting as spectators. A discussion of this suppression is 
given in Ref. m- 

As discussed in Ref. [48] , the kinematical condition also 
favors the diagram shown in Fig.[2 When the Ac decays 
into the 7r+ and MB system with the invariant mass 
of 1400 MeV, the three-momentum of the final state is 
^ 700 MeV in the rest frame of Ac. Thus, the 7r+ should 
be emitted with a large momentum. It is kinematically 
favored to create the fast pion from the quarks involved 
by the weak process, because of the large mass of the c 
quark. The diagrams Fig. |^a) and [^c) are suppressed 
because one of the spectator quarks is required to partic¬ 
ipate in the 7r+ formation. 

In this way, the diagram in Fig. [^is favored from the 
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viewpoint of the Cabibbo-Kobayashi-Maskawa (CKM) 
matrix, color suppression, the diquark correlation, and 
the kinematical condition. We note that this diagram 
has a bigger strength than the dominant one of the 
A 5 ^ J/'0A(14O5) decay [45], in which the weak pro¬ 
cess contains the necessary Cabibbo suppressed b ^ c 
transition and proceeds via internal emission [34], where 
the color of every quark in the weak process is fixed. 

In this process, because the ud diquark in Ac is the 
spectator, the sud cluster in the final state is combined 
as 


-^\s{ud-du)). 

This combination is a pure / = 0 state. Because the qq 
creation does not change the isospin, we conclude that 
the dominant contribution for the Ac ^ 'k^MB process 
produces the MB pair in / = 0. We note that the un¬ 
favored diagrams that we neglect can produce the sud 
state with 1 = 1. We revisit the 1 = 1 contribution at 
the end of Sec. IIIII 


B. qq creation 

To create the MB final state, we must proceed to 
hadronize the sud state, creating an extra qq pair. Be¬ 
cause the total spin parity of the MB pair is = 1 / 2 “, 
the s quark should be in L = 1 after the c-quark decay, 
together with the spectator ud diquark. To achieve the 
final MB state where all quarks are in the ground state, 
the qq creation must involve the s quark to deexcite into 
L = 0. Then the hadronization proceeds as depicted in 
Fig.[TJ where the s quark goes into the meson M and 
the ud diquark is used to form the baryon B. Another 
possibility, the formation of the baryon from the s quark, 
is not favored because of the correlation of the good ud 
diquark and the suppression discussed above by forcing a 
spectator quark from the Ac to form the emerging meson. 

To evaluate the relative fractions of the MB state, we 
follow the same procedure as in Ref. [45]. The flavor 
wavefunction of the final meson-baryon state \MB) is 
given by 


\MB) = —^\s{uu + dd + ss){ud — du)) 

v2 

1 ^ 

= — y] \P 3 iqi{ud - du)), 

^ i=l 

where q and P represent the quark field and the qq pair. 


u 

q^ I d 

uu ud us 
P = qq = \ du dd ds 
su sd ss 


Using the mesonic degrees of freedom, P can be written 
as 


P = 


( ^ _L JL _L JZk 


K- 


_L JL _L 
^ ^ x/6 


K+ \ 



where we assume the ordinary mixing between the SU(3) 
singlet and octet states for 77 and 77 ' [53] . Considering the 
overlap with the mixed antisymmetric flavor states of the 
baryons, we relate the three quark states with baryons as 


Ip) = -^\u{ud- du)), 

\n) = —^\d{ud — du))^ 

v2 

I A) = _ I {usd — dsu) + {dus — uds) -|- 2{sud — sdu)). 

v 12 


Using these hadronic representations, we obtain the 
meson-baryon states after the qq pair production as 


\MB) = \K-p)p\K^n)-^\iqK). (3) 

Here we neglect the irrelevant 77 'A channel because its 
threshold is above 2 GeV. We can see that we obtain the 
isospin I = D KN combination in the phase convention 
that we use where \K~) = —\I = 1/2, G = ~l/2)- 
Aside from the decay to 7 r+ and the sud cluster, there 
are some candidates for the Ac ^ 7 r+MP decay process, 
as shown in Fig.[^ In the diagrams Figs. I^c) andj^d), a 
quark of the ud pair from the weak decay should couple 
to the quarks of sud cluster. Therefore, these diagrams 
are suppressed by the color factor. From the diagrams 
Figs.|^a) and[^b), only the 77 A state appears as the final 
MB pair. This is because the baryon is fixed as P = A, 
and the flavor wavefunction of the Mtt^ state is obtained 
as follows: 


IMtt^) = \u{uu + dd)d) oc | 777 r^ + 77 ' 7 r^). 

The 77 A state does not change the / = 0 filter discussed 
in the previous section. In the numerical calculation, we 
find that the quantitative results do not strongly depend 
on the strength of the 77 A fraction [this would change the 
coefficient of 77 A in Eq. which does not play a very 
important role]. Hence, we do not consider the effect of 
these diagrams. 


C. Final-state interaction 

Here we derive the decay amplitude taking the 
final-state interaction of the MB pair into account. As 
shown in Fig. the final-state interaction consists of 
the tree part and the rescattering part. The rescatter¬ 
ing of the MB pair is described by the chiral unitary 
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FIG. 3. Other diagrams for the Aj ^ MB decay, which 
do not produce tt^ and sud cluster. The solid lines and the 
wiggly line show the quarks and the W boson, respectively. 





FIG. 4. The diagram for the meson-baryon final-state inter¬ 
action (solid circle) as the sum of the tree part (dot) and the 
rescattering part with the meson-baryon scattering amplitude 
(open circle). 


approach msi, which is based on the chiral Lagrangians 
and is constructed to treat the nonperturbative phenom¬ 
ena. Though only the K~p, r]A states appear in 

Eq. ^ in the tree-level production, the coupled-channel 
scattering leads to the other MB states, 7r“E+, 

TT+I]-, tt^A, K-p, K^n, pA, pYP, AT+S”, ATO-oQ The 
decay amplitude for the Ac ^ 'K^{MB)j with the meson- 
baryon channel j can then be written as 


= Vp h, 


E 


/liGi(Minv)tij(Minv) 


— ^7r-E+ — ^tt+E-^tt^A — 0: 

^K-p — ~ 



^77^0 — ^K+E- — — O 5 


(4) 


where Minv represents the invariant mass of the meson- 
baryon states. The weak decay and the qq pair creation 


are represented by the factor Vp, which is assumed to 
be independent of the invariant mass Minv in the limited 
range of invariant masses that we consider. The coef¬ 
ficients hj are derived from Eq. Gj and tij are re¬ 
spectively the meson-baryon loop function and scattering 
matrix calculated from chiral unitary approach. Explicit 
forms can be found in Refs. [4]-[8]. In Eq. Q, the first 
term hj stands for the primary production (tree level 
diagram) and the second term accounts for the rescatter¬ 
ing of the MB states into the final-state channel j. It 
is also instructive for practical calculations to show the 
amplitude in the isospin basis. If we assume the isospin 
symmetry, the amplitudes of the decay to the ttE and 
KN channels are written, respectively, as 


Goeo — - 

=Vp 

^K~p 

=Vp 


T-E+ 








I ^ . 1=0 




ttE 


.7=0 


1 + ^^pAt^j^RR 


, (5) 


(6) 


The partial decay width of the Ac into the 7r~^ {MB)j 
channel is given by 


r, = / dU: 


/' 


(7) 


where dUs is the three-body phase space. The invari¬ 
ant mass distribution is obtained as the derivative of the 
partial width with respect to Minv In the present case, 
because the amplitude depends only on Minv, the 
mass distribution dF^/dMinv is obtained by integrating 
the phase space as 


dTj 

dMr 


1 Pn + Pj^A+^j I 


(27r)2 


M 2 


(8) 


where Mj is the baryon mass. p^+ and pj represent the 
magnitude of the three-momentum of the emitted 7r+ by 
the weak decay in the Ac rest frame and of the meson 
of the final meson-baryon state in the meson-baryon rest 
frame, 


AV2(M2 


M -2 ) 


P 7 T+ — 


Pj = 




2Mu 


\{x,y,z) = P 


— 2xy — 2yz — 2zx^ 


where rrij represents the meson mass. 

Because the A(1405) is mainly coupled to the ttE and 
KN channels, we calculate the invariant mass distribu¬ 
tion of the decay to the ttE and KN channels. Eor the 
study of the A(1670), we also calculate the decay to the 
77 A channel. 


III. RESULTS 


^ The 7r°A and pTP channels are accessible only through the We present the numerical results of the MB invariant 

isospin breaking processes. mass spectra in the Ac ^ 7 T^ MB decay. We first show 
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Minv [MeV] 

FIG. 5. (Color online) Invariant mass distribution of the de¬ 
cay Aj ^ tv^MB near the KN threshold. The solid line 
represents the spectrum for ttS channels and the dashed line 
represents the spectrum for KN channels. The meson-baryon 
amplitude is taken from Ref. [12] . 


the results in the energy region near the KN threshold 
where the A(1405) resonance plays an important role. 
We then discuss the spectra in the higher energy region 
with the emphasis of the A(1670) resonance. The decay 
branching fractions of Ac into different final states are 
discussed at the end of this section. 


A. Spectrum near the KN threshold 

To calculate the region near the KN threshold quan¬ 
titatively, the final-state interaction of the MB system 
should be constrained by the new experimental data from 
the SIDDHARTA Collaboration [HI [16], because the pre¬ 
cise measurement of the energy-level shift of kaonic hy¬ 
drogen significantly reduces the uncertainty of the scat¬ 
tering amplitude below the KN threshold. Here we em¬ 
ploy the meson-baryon amplitude in Refs. [II1|T2], which 
implements the next-to-leading-order terms in chiral per¬ 
turbation theory to reproduce the low-energy KN scat¬ 
tering data, including the SIDDHARTA constraint. The 
isospin symmetry breaking is introduced by the physical 
values for the hadron masses. In this model, the two res¬ 
onance poles of the A(1405) are obtained at 1424 — 26i 
MeV and 1381 — 81i MeV. 

We show the spectra of three ttS channels in Fig. 
From this figure, we find the A(1405) peak structure 
around 1420 MeV. It is considered that the peak mainly 
reflects the pole at 1424 — 26i MeV. Because the initial 
state contains the KN channel with vanishing ttS compo¬ 
nent as shown in Eq. ^ , the present reaction puts more 
weight on the higher energy pole which has the strong 
coupling to the KN channel. 

To proceed further, let us recall the isospin decompo¬ 
sition of the ttE channels [33]. The particle basis and the 


isospin basis are related as follows: 


k“s+) 


Itt+E-) 






(9) 




In general reactions, the initial state of the MB ampli¬ 
tude is a mixture of the / = 0 and 1 = 1 components]^ 
The charged ttE spectra thus contains the 1 = 1 con¬ 
tribution as well as the interference effects of different 
isospin components. 

It is therefore remarkable that all the ttE channels have 
the same peak position in Fig. This occurs because 
the present reaction picks up the / = 0 initial state se¬ 
lectively, as explained in Sec. |TI| In this case, the 1 = 1 
contamination is suppressed down to the isospin break¬ 
ing correction, and hence all the charged states exhibit 
the almost same spectrum]^ The differences of the spec¬ 
tra, because of the / = 0 filter in the present reaction, 
are much smaller than in photoproduction Eiisni, where 
the explicit contribution of the / = 0 and 1 = 1 channels 
makes the differences between the different ttE channels 
much larger, even changing the position of the peaks. In 
this respect, the Ac ^ tt+ttE reaction is a useful process 
to extract information on the A(1405), because even in 
the charged states (the automatically projects over 
/ = 0) one filters the / = 0 contribution and the charged 
states are easier to detect in actual experiments. 

The spectra for the KN channels are also shown in 
Fig. In the KN channels, the peak of the A(1405) 
cannot be seen, because the KN threshold is above the 
A(1405) energy. However, the enhancement near the 
threshold that we observe in Fig. [^is related to the tail 
of the A(1405) peak. The shape of the KN spectrum, 
as well as its ratio to the ttE one, is the prediction of 
the meson-baryon interaction model. The detailed anal¬ 
ysis of the near-threshold behavior of the KN spectra, 
together with the ttE spectra, will be important to un¬ 
derstand the nature of the A(1405). 


B. Spectrum above the KN threshold 

The spectrum above the KN threshold is also interest¬ 
ing. The LHCb Collaboration has found that a substan¬ 
tial amount of A*s is produced in the K~p spectrum in 
the A^ ^ Jl%\)K~p decay [46]. Hence, the K~p spectrum 
in the weak decay process serves as a new opportunity to 
study the excited A states. 


^ In most cases, the small effect of / = 2 can be neglected. 

^ The small deviation is caused by the isospin violation effect in 
the meson-baryon loop functions. 
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FIG. 6 . (Color online) Invariant mass distribution of the 
decay Aj ^ The solid, dotted, and dash- 

dotted lines represent the KN = {K~P, K^n}, ttE = 
tt’ tt^E }, and 77 A channels, respectively. The 
meson-baryon amplitude is taken from Ref. [19], where the 
A(1520) contribution in d wave is not included. 


0.04 



[MeV] 

FIG. 7. (Color online) Comparison of the final-state inter¬ 
action models of IHW [12] (thick lines) and ORB [19] (thin 
lines) with a common normalization of the weak decay vertex 
Vp. The solid and dotted lines represent the 7 r°E° and K~p 
channels, respectively. 


For this purpose, here we adopt the model in Ref. m 
for the meson-baryon final state interaction, which re¬ 
produces the A(1670) as well as the A(1405) in the 
/(J^) = 0(1/2“) channel. The pole position of the 
A(1670) is obtained at 1678 — 20i MeVj^ Because the 
width of the A(1670) is narrow, the pole of the A(1670) 
also affects the invariant mass distribution of the A+ de¬ 
cay. 

In Fig. we show the invariant mass distribution of 
the A+ decay into the ttE, KN, and r]A channels. Be¬ 
cause the meson-baryon amplitude in Ref. m does not 
include the isospin breaking effect, all the isospin mul- 
tiplets {K~p, K^n}, {tt^E^, 7 r+E“, 7r“E+} provide an 
identical spectrum. Because the A(1520) resonance in 
d wave is not included in the amplitude, such contribu¬ 
tion should be subtracted to compare with the actual 
spectrum. 

As in the previous section, we find the A(1405) peak 
structure in the ttE channel and the threshold enhance¬ 
ment in the KN channel. Furthermore, in the higher- 
energy region, we find the additional peak structure of 
the A(1670) around 1700 MeV in all channels. Especially, 
the peak is clearly seen in the KN and 77 A channels, as 
a consequence of the stronger coupling of the A(1670) 
to these channels than to the ttE channel [19]. The 77 A 
channel is selective to / = 0, and the A(1520) production 
is kinematically forbidden. 

We expect that the structure of the A(1670) can be 
analyzed from the measurements of the A+ decay to the 


The present pole position is different from the one of the original 
paper HU- This is because the original pole position is calculated 
with a physical basis though the present position is with isospin 
basis. 


KN and 77 A channels. 


Finally, we examine the sensitivity of the spectrum to 
the MB final-state interaction by comparing the spectra 
of Ref. [12] (hereafter called IHW) with that of Ref. [19] 
(called ORB). In Fig.[^ we show the tt^E^ and K~p spec¬ 
tra with the final-state interaction models of IHW and 
ORB with a common normalization of the weak decay 
vertex Vp. We find that the spectra of both channels in 
the IHW model are larger than those in the ORB model. 
This is caused by the difference of the loop function Gi 
assigned before the final-state interaction in Eqs. (§ and 
which depend on the subtraction constants in each 
model. 


Because the absolute normalization of Vp is not calcu¬ 
lated here, we may renormalize the difference of the mag¬ 
nitude to compare the shape of the spectra. In Eig.|^ we 
compare the same IHW spectra with the rescaled ORB 
spectra multiplied by factor two. We find that the peak 
position of the tt^E^ spectrum of ORB is slightly closer to 
the KN threshold than that of IHW, and the decrease of 
the K~p spectrum of ORB above the threshold is steeper 
than that of IHW. This can be understood by the position 
of the higher-energy pole of A(1405) in ORB at 1427 —17i 
MeV, in comparison with 1424 — 26i MeV in IHW. This 
tendency is also seen in the comparison of two models in 
the A 5 ^ J/^MB decay [45]. This indicates that the 
MB spectra in the weak decays well reflect the details of 
the meson-baryon scattering amplitude. 
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iV/inv [MeV] 


FIG. 8. (Color online) Comparison of the final-state interac¬ 
tion models of IHW [12] (thick lines) and ORB [19] multiplied 
by factor two (thin lines). The solid and dotted lines represent 
the 7r°E° and K~p channels, respectively. 


C. Branching fractions 


Experimentally, the decay branching fractions of Ac ^ 
7T^ MB are determined as [49] 

r(Ac ^ pK~7T^, nonresonant) = 2.8 ± 0.8, % (10) 

r(Ac ^ E+tt+tt-) = 3.6 ± 1.0, % (11) 

r(Ac ^ E-7r+7r+) = 1.7 ± 0.5, % (12) 

r(Ac ^ E Vtt^) = 1.8 ± 0.8, % (13) 


where the nonresonant component is obtained by 
subtracting the contributions from the iF*(892)^, 
A(1232)++, and A(1520) in the iF“7r+, p7r+, and pK~ 
spectra, respectively. Taking the ratios of the central 
values, we obtain 


r(Ac ^ E+tt+tt") 
r(Ac ^ piF“7r+, nonresonant) 
r(Ac ^ E-7r+7r+) 
r(Ac ^ piF“7r+, nonresonant) 
r(Ac ^ E^tt+ttO) 
r(Ac ^ piF“7r+, nonresonant) 


= 1.3, 

(14) 

= 0.6, 

(15) 

= 0.6. 

(16) 


In principle, these ratios can be calculated in the 
present model by integrating Eq. (i over Minv • How¬ 
ever, in the present calculation, we consider the pro¬ 
cess which is dominant in the small Minv region, as ex¬ 
plained in Sec. [Ill In the large Minv region, the processes 
other than Eig. [l] can contribute. Also, higher excited 
A* [44] and resonances in the tt+M and tt+H channels 
may play an important rolej^ In this way, the validity of 


^ The largest contributions from K*, A, and A(1520) are sub¬ 
tracted in the data of Eq. 


the present framework is not necessarily guaranteed for 
the large Minv region. 

Nevertheless, it is worth estimating the branching ra¬ 
tios by simply extrapolating the present model. The the¬ 
oretical estimate of the ratio of the decay fraction is ob¬ 
tained as 

r.-s+ ^ f 1.05 (Ref. m), 

Tk-p 10.95 (Ref. [19]). ^ 

Given the uncertainties in the experimental values and 
the caveats in the extrapolation discussed above, it is 
fair to say that the gross feature of the decay is cap¬ 
tured by the present model. We note that the difference 
of the charged ttE states in our model is of the order of 
the isospin breaking correction. The large deviation in 
the experimental data, albeit non-negligible uncertain¬ 
ties, may indicate the existence of the mechanisms which 
is not included in the present framework. It is worth not¬ 
ing that in the theoretical model of Ref. m the TT E+7r+ 
channel has the largest strength as in the experiment. 

Let us also mention the measured value of the branch¬ 
ing fraction of r(Ac ^ Att+tt^) = 3.6 ± 1.3% [49]. Be¬ 
cause tt^A is purely in / = 1, the present model does 
not provide this decay mode. The finite fraction of this 
mode indicates the existence of mechanisms other than 
the present process. In other words, the validity of the 
present mechanism for the / = 0 filter can be tested by 
measuring the tt^A spectrum in the small Minv region. 
We predict that the amount of the tt^A mode should be 
smaller than the ttE mode, as long as the small Minv 
region is concerned. 


IV. SUMMARY 

We have studied the Ac ^ 7r+ and MB decay process, 
which is favored for several reasons, the CKM matrix, the 
color factor, the rtd-diquark correlation, the number of qq 
creation, and the kinematical condition. Comparing with 
the similar decay A^ ^ J/t/^MH, the Ac decay benefits 
from the CKM-matrix element \Vud\ ^ \Vcd\ and the 
extra color factor in the Wud vertex. The reaction has 
the virtue of filtering / = 0, such that in the KN and 
ttE final states we do not have contamination of / = 1 
channels, which is not the case in other reactions, making 
the interpretation more difficult, and we can study better 
the properties of the A(1405). 

We have analyzed the MB spectrum, taking into ac¬ 
count the MB final-state interaction by the chiral uni¬ 
tary approach. Near the KN threshold energy, the peak 
of the ttE spectra appears around 1420 MeV, reflecting 
the higher mass pole of the two poles of the A(1405). 
Thanks to the suppression of the 1 = 1 contamination, 
all three charge combinations of the ttE channels show 
almost the same spectrum. The model for the interac¬ 
tion of AV with ttE and other coupled channels allows 
us to make predictions for KN production and relate it 
to ttE production. 











Above the KN threshold, the peak of the A(1670) can 
be observed in the KN and 77 A channels. With the Bonn 
model of Ref. [14], the mass distribution did not show 
the A(1670) peak in the A5 ^ J/'ll;K~p reaction. It 
thus becomes interesting to perform the Ac ^ 7T^K~p 
reaction, measuring the K~p mass distribution and see 
what one observes for this resonance, which is catalogued 
with four stars in the PDG m- 

In this way, we conclude that the Ac ^ MB decay 
is an ideal process by which to study the A resonances. 
We obtain the above-mentioned nice features based on 
the dominance of the mechanism shown in Fig. for the 
KN and ttS channels. One should recall that, for the ttS 
spectra, integrated rates are available experimentally, but 
the peak of the A(1405) has not been reported. The work 
done here should stimulate steps in this direction and 
also to measuring distributions that show the resonances 
discussed in the present paper. 


ated during the YITP-T-14-03 on “Hadrons and Hadron 
Interactions in QCD.” This work is supported in part 
by Open Partnership Joint Projects of JSPS Bilateral 
Joint Research Projects, JSPS KAKENHI Grant No. 
24740152, the Yukawa International Program for Quark- 
Hadron Sciences (YIPQS), the Spanish Ministerio de 
Economia y Gompetitividad, European EEDER funds 
under Gontracst No. EIS2011-28853-G02-01 and No. 
EIS2011-28853-G02-02, and the Generalitat Valenciana 
in the program Prometeo H, 2014/068. We acknowledge 
the support of the European Gommunity-Research In¬ 
frastructure Integrating Activity Study of Strongly Inter¬ 
acting Matter (acronym HadronPhysics3, Grant Agree¬ 
ment No. 283286) under the Seventh Eramework Pro¬ 
gramme of the EU. 


ACKNOWLEDGMENTS 

The authors thank the Yukawa Institute for Theoreti¬ 
cal Physics, Kyoto University, where this work was initi- 


[1] R. Dalitz and S. Tuan, Phys. Rev. Lett. 2 , 425 (1959). 

[2] R. Dalitz and S. Tuan, Annals Phys. 10, 307 (1960). 

[3] M. H. Alston et a/., Phys. Rev. Lett. 6, 698 (1961). 

[4] N. Kaiser, P. Siegel and W. Weise, Nucl. Phys. A594, 
325 (1995). 

[5] E. Oset and A. Ramos, Nucl. Phys. A635, 99 (1998). 

[6] J. Oiler and U. G. Meissner, Phys. Lett. B500, 263 

( 2001 ). 

[7] M. F. M. Lutz and E. E. Kolomeitsev, Nucl. Phys. A700, 
193 (2002). 

[8] T. Hyodo and D. Jido, Prog. Part. Nucl. Phys. 67, 55 

( 2012 ). 

[9] D. Jido, J. Oiler, E. Oset, A. Ramos and U. Meissner, 
Nucl. Phys. A725, 181 (2003). 

[10] T. Hyodo and W. Weise, Phys. Rev. C77, 035204 (2008). 

[11] Y. Ikeda, T. Hyodo and W. Weise, Phys. Lett. B706, 63 

( 2011 ). 

[12] Y. Ikeda, T. Hyodo and W. Weise, Nucl. Phys. A881, 

98 (2012). 

[13] Z.-H. Guo and J. A. Oiler, Phys. Rev. C87, 035202 
(2013). 

[14] M. Mai and U.-G. MeiBner, Eur. Phys. J. A51, 30 (2015). 

[15] M. Bazzi et a/., Phys. Lett. B704, 113 (2011). 

[16] M. Bazzi et al, Nucl. Phys. A881, 88 (2012). 

[17] L. Roca and E. Oset, Phys. Rev. C87, 055201 (2013). 

[18] L. Roca and E. Oset, Phys. Rev. C88, 055206 (2013). 

[19] E. Oset, A. Ramos and C. Bennhold, Phys. Lett. B527, 

99 (2002). 

[20] T. Hyodo, D. Jido and L. Roca, Phys. Rev. D77, 056010 
(2008). 

[21] L. Roca, T. Hyodo and D. Jido, Nucl. Phys. A809, 65 
(2008). 


[22] T. Hyodo, D. Jido and A. Hosaka, Phys. Rev. C78, 
025203 (2008). 

[23] T. Sekihara, T. Hyodo and D. Jido, Phys. Lett. B669, 
133 (2008). 

[24] T. Sekihara, T. Hyodo and D. Jido, Phys. Rev. C83, 
055202 (2011). 

[25] T. Sekihara and T. Hyodo, Phys. Rev. C87, 045202 
(2013). 

[26] K. Miyahara and T. Hyodo, arXiv: 1506.05724 

[27] J. M. M. Hall et al, Phys. Rev. Lett. 114, 132002 (2015). 

[28] M. Niiyama et al, Phys. Rev. C78, 035202 (2008). 

[29] CLAS, K. Moriya et al, Phys. Rev. C87, 035206 (2013). 

[30] CLAS Collaboration, K. Moriya et a/., Phys. Rev. C88, 
045201 (2013). 

[31] CLAS, K. Moriya et al, Phys. Rev. Lett. 112, 082004 
(2014). 

[32] HADES, G. Agakishiev et al, Phys. Rev. C87, 025201 
(2013). 

[33] J. C. Nacher, E. Oset, H. Toki and A. Ramos, Phys. 
Lett. B455, 55 (1999). 

[34] L.-L. Chau, Phys. Rept. 95, 1 (1983). 

[35] L.-L. Chau and H.-Y. Cheng, Phys. Rev. D36, 137 
(1987). 

[36] H.-Y. Cheng and C.-W. Chiang, Phys. Rev. D81, 074031 

( 2010 ). 

[37] S. Stone and L. Zhang, Phys. Rev. Lett. Ill, 062001 
(2013). 

[38] W. H. Liang and E. Oset, Phys. Lett. B737, 70 (2014). 

[39] M. Bayar, W. H. Liang and E. Oset, Phys. Rev. D90, 
114004 (2014). 

[40] J.-J. Xie, L. R. Dai and E. Oset, Phys. Lett. B742, 363 
(2015). 

[41] J.-J. Xie and E. Oset, Phys. Rev. D90, 094006 (2014). 



9 


[42] W. H. Liang, J.-J. Xie and E. Oset, Phys. Rev. D92, 
034008 (2015). 

[43] M. Albaladejo, M. Nielsen and E. Oset, Phys. Lett. 
B746, 305 (2015). 

[44] A. Feijoo, V. K. Magas, A. Ramos and E. Oset, Phys. 
Rev. D92, 094003 (2015). 

[45] L. Roca, M. Mai, E. Oset and U.-G. Meifiner, Eur. Phys. 
J. C75, 218 (2015). 

[46] LHCb, R. Aaij et al, Phys. Rev. Lett. 115, 072001 
(2015). 

[47] L. Roca, J. Nieves and E. Oset, Phys. Rev. D92, 094003 
(2015). 


[48] T. Hyodo and M. Oka, Phys. Rev. C84, 035201 (2011). 

[49] Particle Data Group, K. A. Olive et al., Ghin. Phys. 
C38, 090001 (2014). 

[50] Belle, A. Zupanc et al., Phys. Rev. Lett. 113, 042002 
(2014). 

[51] E791, E. M. Aitala et al., Phys. Lett. B471, 449 (2000). 

[52] R. L. Jaffe, Phys. Rept. 409, 1 (2005). 

[53] A. Bramon, A. Gran and G. Pancheri, Phys. Lett. B283, 
416 (1992). 



